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Summary
Kinetochores are the macromolecular complexes that
interact withmicrotubules tomediate chromosome segrega-
tion [1]. Accurate segregation requires that kinetochores
make bioriented attachments to microtubules from opposite
poles. Attachments between kinetochores andmicrotubules
are monitored by the spindle checkpoint, a surveillance
system that prevents anaphase until every pair of chromo-
somesmakes proper bioriented attachments [2]. Checkpoint
activity is correlated with the recruitment of checkpoint
proteins to the kinetochore [1]. Mps1 is a conserved protein
kinase that regulates segregation and the spindle check-
point, but few of the targets that mediate its functions have
been identified. Here, we show that Mps1 is the major kinase
activity that copurifies with budding yeast kinetochore
particles and identify the conserved Spc105/KNL-1/blinkin
kinetochore protein as a substrate. Phosphorylation of con-
served MELT motifs within Spc105 recruits the Bub1 protein
to kinetochores, and this is reversed by protein phosphatase
I (PP1). Spc105 mutants lacking Mps1 phosphorylation sites
are defective in the spindle checkpoint and exhibit growth
defects. Together, these data identify Spc105 as a key target
of the Mps1 kinase and show that the opposing activities of
Mps1 and PP1 regulate the kinetochore localization of the
Bub1 protein.
Results and Discussion
The conserved Mps1, Bub1, and Aurora protein kinases
regulate chromosome segregation and the spindle check-
point, but few of the corresponding substrates that mediate
these functions have been identified [3–6]. To elucidate the
mechanism by which these kinases regulate these processes,
we sought to identify novel kinetochore targets. We previously
developed a method to purify native budding yeast core kinet-
ochore particles and found that the Mps1 and Bub1 kinases
copurify [7]. Although the kinases cannot be visualized by
silver staining of kinetochore particles, incubation of particles
with radiolabeled-ATP resulted in the strong phosphorylation
of several species (Figure 1A). To identify the kinase(s) respon-
sible, we utilized temperature-sensitive mutations in the
mitotic kinases Cdk1 (cdc28-13), Aurora B (ipl1-321), and
Mps1 (mps1-1), as well as a tetracycline-repressible Bub1
protein (Ubi-R-TetR-BUB1). Inactivation of any individual*Correspondence: sbiggins@fhcrc.orgkinase did not alter the bulk composition of purified kineto-
chore particles as determined by silver-stained SDS-PAGE
(Figure 1A). However, inactivation of Mps1 but not the other
candidate kinases resulted in a loss of phosphorylation, indi-
cating that Mps1 is the major kinase activity that copurifies
with native kinetochore complexes and that it does not require
the activity of other mitotic kinases tested in the context of
this assay (Figure 1A; see also Figure S1 available online).
The effect does not appear to arise from major alterations in
kinetochore particle composition in mps1-1 mutants because
immunoblotting of kinetochore proteins that are not detect-
able by silver staining revealed normal levels of the subcom-
plexes analyzed (Figure 1B).
Mps1 activity is required for the localization of the Bub1
protein to kinetochores in other organisms [8–15], sowe tested
whether Mps1 also regulates its localization in budding yeast.
WT and analog-sensitive mps1-as1 mutant cells containing
Bub1-3GFP were arrested in metaphase by depletion of the
APC activator Cdc20 and were then treated with the microtu-
bule-destabilizing drug nocodazole and the mps1-as1 inhib-
itor 1NM-PP1 [16]. Although Bub1-3GFP colocalized with the
core kinetochore protein Mtw1-mCherry in approximately
40% of wild-type (WT) cells, this was reduced to 10% in the
mps1-as1 cells treated with inhibitor (Figure 2A). Bub1 inter-
acts with the Bub3 checkpoint protein and requires its function
for kinetochore localization [17–23], and we found that Bub3
also requires Mps1 activity to localize to kinetochores (Fig-
ure S2A). We next tested whether Mps1 is required for Bub1
to associate with kinetochore particles in vitro. Bub1 copuri-
fies with native kinetochore particles but not with mps1-1
particles in the presence of phosphatase inhibitors (Figure 2B).
Furthermore, Bub1 was released when native particles were
treated with recombinant PP1 in vitro, suggesting that phos-
phorylation is directly required for Bub1 binding to kineto-
chores (Figure 2C). Phosphatase inhibitors preserved the
interaction (Figure 2C). Importantly, PP1 treatment did not
alter the core composition of the kinetochore particles or the
associated Mps1 kinase activity (Figures S2B and S2C). To
test whether phosphorylation of kinetochores by Mps1 could
restore Bub1 binding to kinetochores, we incubated the phos-
phatase-treated kinetochore particles with ATP to specifically
phosphorylate Mps1 sites. When the ATP-treated particles
were incubated with cellular lysate, we observed robust
Bub1 rebinding to the particles (Figure 2D). The effect requires
Mps1-mediated phosphorylation because phosphatase-
treated particles treated without ATP, as well as mps1-1
mutant control kinetochores treated with ATP, failed to recruit
Bub1 (Figure 2D). These experiments also demonstrate that
rebinding is not due to exchange of bead-bound kinetochore
particles with those present in the lysate. Spc105 is phosphor-
ylated by the Ipl1/Aurora kinase [24–26], but phosphorylation
of kinetochores by Ipl1/Aurora did not promote Bub1 rebind-
ing (Figure 2D). The Bub3 protein behaved similarly in the
same assays (Figures S2D–S2F).
Because Mps1 phosphorylation is required for Bub1 to
associate with kinetochores in vitro, we tested whether Mps1
activity is sufficient to recruit Bub1 to kinetochores in vivo.
Bub1-3GFP foci colocalize with approximately 3% of
Figure 1. Mps1 Kinase Activity Specifically Copurifies with Native Kinetochore Complexes
(A)WT (SBY8253), cdc28-13 (SBY8716), ipl1-321 (SBY8712),Ubi-R-TetR-BUB1 (SBY8920), andmps1-1 (SBY8726) strains were shifted to conditions to inac-
tivate the kinases, and kinetochores were purified by a-Flag immunoprecipitation of Dsn1-His-Flag. The kinetochores were treated with g-32P-ATP and
eluted with 33-Flag peptide. Particle composition was analyzed by silver-stained SDS-PAGE (left), and radioactive incorporation was analyzed by autora-
diography (right).
(B)WT andmps1-1 kinetochore complexes prepared as in (A) were analyzed by immunoblottingwith the indicated antibodies. The relative amount of sample
loaded in each lane is indicated at top.
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901kinetochores when cells are arrested in G1 (n = 200, Figure 2E).
However, Bub1 can be visualized on 22% of the kinetochore
foci when Mps1 is overexpressed (n = 206, Figure 2E), sug-
gesting that Mps1 activity promotes Bub1 localization to
kinetochores independently of upstream mitotic events.
Similar results were previously demonstrated in fission yeast
[15], as well as for Bub3 localization in budding yeast upon
Mps1 overexpression [27]. Together, these data show that
Mps1-mediated phosphorylation of kinetochores is required
to promote the localization of the Bub1 protein and its interact-
ing partner, Bub3.
We next wanted to identify the Mps1 substrate that
mediates Bub1 localization to kinetochores. Bub1 interacts
with the KNL-1/blinkin protein in other organisms [8, 10, 19,
28, 29], making it a likely target. Consistent with this possi-
bility, the molecular weight of the slowest migrating species
phosphorylated by Mps1 on kinetochore particles corre-
sponds to that of Spc105, the budding yeast homolog of
KNL-1/blinkin [30, 31](Figure 1A). This species migrated
even slower when kinetochore particles with Spc105-3GFP
were used in kinase assays, identifying it as Spc105 (Fig-
ure 3A). Similar experiments determined that the other two
major substrates are Ndc80 and Dsn1 (data not shown). To
ensure that Mps1 directly mediates this phosphorylation,
we purified particles from an mps1-1 mutant strain and
performed a kinase assay with recombinant GST-Mps1(Figure 3A). Although the overall level of phosphorylation
was lower with recombinant kinase, the pattern was identical
to that of WT particles. Together, these data show that Mps1
is the major mitotic kinase that copurifies with kinetochore
particles and that it directly phosphorylates Spc105 and
other kinetochore targets in vitro.
We next tested whether Bub1 interacts with Spc105 in an
Mps1-dependent manner. Bub1 copurified with Spc105 that
was immunoprecipitated from WT cells, and the interaction
was abolished in mps1-1 mutant cells (Figure 3B). Consistent
with phosphorylation being required for their association,
Mps1 overexpression enhanced the copurification of Bub1
with Spc105, whereas the overexpression of the budding yeast
PP1 catalytic subunit, Glc7, inhibited it (Figure 3C). Mps1 over-
expression also enhanced the interaction between Bub1 and
Spc105 in metaphase-arrested and G1-arrested cells (Figures
3D and 3E). The phosphorylation state of Spc105 in vivo corre-
lated with Mps1 activity because Mps1 overexpression
reduced the relative mobility of Spc105 (Figures 3C and 3D).
PP1 is known to interact with Spc105 [24, 26], so we tested
whether it dephosphorylates Spc105. We found that Glc7
overexpression increased Spc105 mobility in vivo (Figure 3C)
and PP1 treatment of kinetochore particles increased the
migration of Spc105 in vitro (data not shown). Together, these
data demonstrate that Spc105 mobility changes are due to
changes in phosphorylation and confirm that there is a pool
Figure 2. The Association of Bub1 with Kinetochores Is Regulated by Mps1-Mediated Phosphorylation
(A) pMet-Cdc20 BUB1-3GFP MTW1-mCherry cells containingMPS1 (SBY10318) ormps1-as1 (SBY10282) were arrested in mitosis by Cdc20 depletion and
treated with nocodazole. They were then incubated with (+ inhibitor) or without (2 inhibitor) 1NM-PP1 and analyzed for colocalization between Bub1 and
Mtw1. Scale bar represents 5 mm.
(B) Kinetochore particles from strains containing Bub1-3GFP and MPS1 (SBY8502) or mps1-1 (SBY9348) were purified and analyzed by immunoblotting.
(C) Kinetochore particles were purified from a strain containing Bub1-3GFP (SBY8502). The particles were treated with PP1 in the presence or absence of
phosphatase inhibitors, and the bound and unbound pools were analyzed by immunoblotting.
(D) Kinetochore particles were purified from strains containing Bub1-3GFP andMPS1 (SBY8502) ormps1-1 (SBY9348). The particles were treated with PP1
and then incubated with 6 ATP. They were then incubated in a lysate from a WT strain (SBY8502) and analyzed by immunoblotting.
(E) BUB1-3GFP NUF2-mCherry pGAL-MPS1 cells (SBY10271) were arrested in G1 and then treated with or without galactose. The colocalization of Bub1
with Nuf2 was analyzed by microscopy. Scale bar represents 5 mm.
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Consistent with PP1 activity opposing Mps1 on kinetochores,
Glc7 overexpression reduced Bub1 localization to kineto-
chores in vivo (Figure 3F) and reducedBub1 binding to purified
kinetochore particles (data not shown).
To identify potential Mps1 phosphorylation sites on Spc105
that might regulate its interaction with Bub1, we treated kinet-
ochore particles with ATP and then analyzed Spc105 by mass
spectrometry. We identified 17 sites that are phosphorylated
(Table S1). Because an N-terminal region of Spc105 homologs
has been reported to interact with Bub1 [8, 19, 28, 29], we
focused on sites proximal to the conserved microtubule-
binding N terminus. Strikingly, we detected phosphorylation
on three of six conserved threonines that match an expanded
MELT-like motif [M/I][E/D][I/L/M][S/T] ([10, 19, 23, 28, 31, 32];
Figure 4A; Table S1). To test whether Mps1 phosphorylates
these sites, we mutated the T residues to A in all six motifs
to generate the spc105-6A allele. Kinetochore particles were
then purified from cells containing WT Spc105 or the mutant
Spc105-6A protein and incubated with radioactive ATP. Therewas a 54% reduction in phosphorylation on Spc105-6A relative
to WT Spc105, indicating that Mps1 directly phosphorylates
these sites on kinetochore particles (Figure 4B). We next
tested whether Bub1 binding to Spc105 was altered by the
mutation of the Mps1 phosphorylation sites. WT Spc105
copurified with Bub1, whereas the Spc105-6A mutant did not
(Figure 4C). Like Bub1, Bub3 also required Mps1 activity to
interact with Spc105 (Figure S3A). Neither Bub1 nor Bub3 cop-
urified with kinetochore particles containing Spc105-6A
(Figures S3B and 4D).
To test whether phosphorylation of kinetochores by Mps1
could restore Bub1 binding to kinetochores containing the
Spc105-6A mutant, we treated WT or Spc105-6A kinetochore
particles with phosphatase, incubated them with ATP to allow
phosphorylation of Mps1 sites, and then incubated them with
cellular lysate, as in Figure 2D. Although Bub1 showed strong
rebinding to ATP-treated particles fromWT cells, the particles
containing Spc105-6A failed to recruit Bub1 (Figure 4E).
Consistent with this, Bub1 localization to kinetochores in vivo
was abolished in cells containing spc105-6A (Figure 4F). Bub3
Figure 3. Mps1 and Glc7 Regulate the Spc105/Bub1 Interaction
(A) Kinetochore particles fromWT (SBY8253),SPC105-3GFP (SBY8750),mps1-1 (SBY8726), andSPC105-3GFPmps1-1 (SBY9099) strainswere treated as in
Figure 1A, as was a control purification from untagged strain SBY3. Recombinant GST-Mps1 was incubated with the mps1-1 samples.
(B) Spc105-3Flag was immunoprecipitated from BUB1-13myc control cells (SBY3269) grown at 23C and from SPC105-3Flag (SBY7420), SPC105-3Flag
BUB1-13myc (SBY9226), and SPC105-3Flag BUB1-13myc mps1-1 (SBY9476) cells shifted to 37C for 2 hr before harvest. Samples were analyzed by
immunoblotting.
(C) Spc105-3Flag was immunoprecipitated from WT (SBY9226), pGAL-MPS1 (SBY10100), and pGAL-GLC7 (SBY9971) cells containing BUB1-13myc
and analyzed by immunoblotting. Control strains containing BUB1-13myc but lacking Spc105-3Flag are SBY4020 (pGAL-GLC7), SBY3269 (WT), and
SBY4587 (pGAL-Mps1).
(D) pMET-CDC20 cells containing Spc105-Flag and/or Bub1-13myc (SBY10464, SBY10364, SBY10465, and SBY10466) were arrested in metaphase and
then galactose was added to induce Mps1 overexpression and cells were processed as in (C).
(E) Spc105-3Flag was purified from cells arrested in G1 and treated with galactose for 1 hr to induce Mps1 overexpression. The strains used were BUB1-
13myc (SBY3269), BUB1-13myc pGAL-MPS1 (SBY4587), SPC105-3Flag (SBY7492), SPC105-3Flag pGal-MPS1 (SBY9952), SPC105-3Flag BUB1-13myc
(SBY9226), and SPC105-3FLAG BUB1-13myc pGAL-MPS1 (SBY10100).
(F) GLC7 (SBY9337) and pGAL-GLC7 (SBY10479) cells containing BUB1-3GFP and MTW1-mCherry were induced with or without galactose for 1 hr. The
percentage of cells with Bub1-3GFP foci localizing to the kinetochore was quantified by microscopy. Scale bar represents 5 mm.
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cating that Mps1 phosphorylation of one or more MELT motifs
in Spc105 regulates the binding of Bub1 and Bub3 to
kinetochores.
To analyze the phenotypes associated with mutation of the
MELT motifs in Spc105, we grew WT and spc105-6A strains
on media containing the microtubule-destabilizing drug
benomyl. The spc105-6A mutant cells grew slowly compared
to WT cells and exhibited hypersensitivity to benomyl media,
similar to a Bub1 depletion (Figure 4G). Mutations in other
Mps1 sites detected by mass spectrometry did not result in
benomyl sensitivity or slow growth (data not shown). We at-
tempted to analyze chromosome segregation by fluorescentlymarking a chromosome, but a high percentage of the spc105-
6A cells exhibited aneuploidy of the marked chromosome,
which prevented us from assaying biorientation or segregation
(data not shown). To determine whether the spc105-6A cells
were competent for the spindle checkpoint, we released
them from G1 into nocodazole. Although WT cells arrested
with high levels of the anaphase inhibitor Pds1, spc105-6A
mutant cells did not stabilize Pds1 (Figure 4H). Consistent
with this, 44% of the spc105-6Amutant cells exhibited rebud-
ding 5 hr after release from G1 compared to 12% of WT cells.
Together, these data show that Mps1-mediated phosphoryla-
tion of Spc105 contributes to accurate kinetochore and
spindle checkpoint function.
Figure 4. The Conserved MELT Motifs in Spc105 Regulate Bub1 Localization to Kinetochores and the Spindle Checkpoint
(A) A diagram of the N-terminal region of Spc105 shows the location of 6 MELT-like motifs illustrated as green bars. Residues that were detected as
phosphorylated after Mps1 treatment are indicated with an asterisk. The N terminus of Spc105 is denoted by ‘‘N’’ and the middle domain of the protein
by ‘‘M.’’ Table shows MELT-like motifs (bolded) and surrounding sequence.
(B) Kinetochores were purified (silver stain, right) from strains containing SPC105-9myc (SBY10267) or spc105-6A-9myc (SBY10265). They were incubated
with radioactive ATP, and the corresponding phosphate incorporation was quantified (autorad, left). SD of normalized Spc105 signal is 65% (n = 3).
(C) Bub1-GFP was immunoprecipitated from strains containing Spc105-9myc (SBY10266) or Spc105-6A-9myc (SBY10264).
(D) Dsn1-Flag was immunoprecipitated from strains containing SPC105-9myc Bub1-3GFP (SBY10426) or Spc105-6A-9myc Bub1-3GFP (SBY10422).
(E) Kinetochore particles were purified from strains containing Bub1-3GFP and SPC105-9myc (SBY10426) or spc105-6A-9myc (SBY10422). The particles
were treatedwith PP1 and then incubatedwith6ATP. Theywere then incubated in lysates fromWTstrains (SBY10426) containing Bub1-3GFP and analyzed
by immunoblotting.
(F) Strains containing BUB1-GFP MTW1-mCherry and SPC105-9myc (SBY10266) or spc105-6A-9myc (SBY10264) were arrested in nocodazole for 60 min.
The percentage of cells showing colocalization of Bub1 with Mtw1 was quantified. Note that Bub1 is enriched on kinetochores that have detached from
microtubules and are no longer clustered together [18].
(G) Five-fold serial dilutions of WT (SBY3), SPC105-9myc (SBY10267), mad2D (SBY292), Ubi-R-TetR-BUB1 (SBY8920), or two independently generated
spc105-6A-9myc strains (SBY10265, SBY10254) were analyzed for growth on YPD with doxycycline in the presence or absence of 10 mg/ml benomyl.
(H) Pds1 levels were analyzed in SPC105-6His (SBY10373) or spc105-6A-6His (SBY10374) cells released fromG1 into nocodazole. Pgk1 is a loading control.
(I) Model for silencing of the spindle checkpoint. When kinetochores are not correctly attached to microtubules, Mps1 phosphorylates Spc105 to recruit
Bub1/Bub3. Proper microtubule attachment promotes PP1 interaction with Spc105, leading to dephosphorylation of Spc105 and release of Bub1/Bub3
to promote checkpoint silencing.
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kinases is key to fully understanding chromosome segregation
and the spindle checkpoint, but progress has been slow due to
the large number of potential kinetochore targets. Currently,
Ndc80 is the only knownMps1 substrate at yeast kinetochores
that regulates the spindle checkpoint [33]. We used a previ-
ously established kinetochore purification technique to iden-
tify Mps1 as the major kinase activity that associates with
core kinetochore particles [7]. Although Bub1 also purifies
with kinetochore particles, we did not detect any associated
activity. This could be explained by low levels of Bub1 on kinet-
ochore particles, a lack of active Bub1, or a low abundance of
copurifying substrates [34, 35].
Here, we identify Spc105 as a key Mps1 kinase target that
recruits Bub1 to kinetochores via phosphorylation of the
conserved MELT motifs, a mechanism that is also conserved
in fission yeast (see the accompanying paper by Shepperd
et al. [36] in this issue of Current Biology and Y. Watanabe,
personal communication). Although a Bub1-binding KI motif
was identified in human KNL-1/blinkin that is not clearly
conserved in yeast, this interaction is not sufficient for
kinetochore recruitment of Bub1 in vivo [19, 28]. Therefore,
there are additional unknown controls over the interaction
that could be mediated by phosphorylation [19]. Given the
strong conservation of the MELT motifs despite the strong
divergence in much of the Spc105 homolog sequence, this
mechanism may be generally conserved. Although the growth
defects of the spc105-6Amutant are similar to a bub1mutant,
additional functions for the MELT motifs may also exist.
Bub3 has been implicated in mediating Bub1 binding to
kinetochores [18–20, 36], and we found that Mps1 also regu-
lates the association of Bub3 with Spc105. In the future, it
will be important to clarify the dependency relationships
between the Bub1 and Bub3 proteins and their interaction
with Spc105.
We also show that Glc7 reversesMps1-mediated phosphor-
ylationonkinetochores to releaseBub1, identifying aphospha-
tase activity that opposes the Mps1 kinase. This is consistent
with work showing that Spc105 and PP1 are required to exit
the spindle checkpoint [37–39]. Spc105 recruits PP1 to the
kinetochore and requires its microtubule binding domain for
checkpoint silencing [24, 26, 39], raising the possibility that
PP1 disrupts Bub1 and Bub3 binding to Spc105 to turn off
the checkpoint once kinetochores make proper bioriented
attachments (Figure 4I). We showed that additional Mps1
phosphorylation sites exist on Spc105 and other kinetochore
substrates, so an important line of future study will be to eluci-
date the associated functions. Together, these studies further
our understanding of the molecular mechanisms by which
Mps1 and PP1 regulate the complex signaling events that
underlie spindle checkpoint function and chromosome segre-
gation to maintain genomic stability.
Experimental Procedures
Yeast Strains, Plasmids, and Microbial Techniques
Media and genetic and microbial techniques were essentially as described
[40]. The construction of yeast strains and plasmids used in this study and
the experimental growth conditions are described in Supplemental Experi-
mental Procedures. Yeast strains are listed in Table S2.
Biochemistry and Microscopy Techniques
Details of kinetochore purifications, immunoprecipitation conditions, mass
spectrometry, and microscopy assays are described in Supplemental
Experimental Procedures.Supplemental Information
Supplemental Information includes three figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2012.03.052.
Acknowledgments
We are very grateful to Nicole Duggan, Phil Gafken, and Christian Nelson for
technical assistance. We thank John Cannon, Trisha Davis, Arshad Desai,
John Kilmartin, AndrewMurray, Kelly Tatchell, and Mark Winey for reagents
used in this work and Yoshi Watanabe for communicating unpublished
results. We thank Bungo Akiyoshi and members of the Asbury and Biggins
laboratories for discussions and Chip Asbury, Gary Deyter, and Erica Hilde-
brand for comments on the manuscript. This work was funded by a National
Institutes of Health (NIH) interdisciplinary training grant (T32 CA080416)
to N.L., a National Institute of General Medical Studies grant (PM50
GM076547/Center for Systems Biology) to J.A.R., and NIH grants
(GM064386 and an associated ARRA supplement) to S.B.
Received: February 28, 2012
Revised: March 22, 2012
Accepted: March 28, 2012
Published online: April 19, 2012
References
1. Przewloka, M.R., and Glover, D.M. (2009). The kinetochore and the
centromere: a working long distance relationship. Annu. Rev. Genet.
43, 439–465.
2. Musacchio, A. (2011). Spindle assembly checkpoint: the third decade.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 3595–3604.
3. Elowe, S. (2011). Bub1 and BubR1: at the interface between chromo-
some attachment and the spindle checkpoint. Mol. Cell. Biol. 31,
3085–3093.
4. Zich, J., and Hardwick, K.G. (2010). Getting down to the phosphorylated
‘nuts and bolts’ of spindle checkpoint signalling. Trends Biochem. Sci.
35, 18–27.
5. Lan,W., and Cleveland, D.W. (2010). A chemical tool box definesmitotic
and interphase roles for Mps1 kinase. J. Cell Biol. 190, 21–24.
6. Lampson, M.A., and Cheeseman, I.M. (2011). Sensing centromere
tension: Aurora B and the regulation of kinetochore function. Trends
Cell Biol. 21, 133–140.
7. Akiyoshi, B., Sarangapani, K.K., Powers, A.F., Nelson, C.R., Reichow,
S.L., Arellano-Santoyo, H., Gonen, T., Ranish, J.A., Asbury, C.L., and
Biggins, S. (2010). Tension directly stabilizes reconstituted kineto-
chore-microtubule attachments. Nature 468, 576–579.
8. Kiyomitsu, T., Obuse, C., and Yanagida, M. (2007). Human Blinkin/
AF15q14 is required for chromosome alignment and the mitotic
checkpoint through direct interaction with Bub1 and BubR1. Dev. Cell
13, 663–676.
9. Vigneron, S., Prieto, S., Bernis, C., Labbe´, J.C., Castro, A., and Lorca, T.
(2004). Kinetochore localization of spindle checkpoint proteins: who
controls whom? Mol. Biol. Cell 15, 4584–4596.
10. Schittenhelm, R.B., Chaleckis, R., and Lehner, C.F. (2009).
Intrakinetochore localization and essential functional domains of
Drosophila Spc105. EMBO J. 28, 2374–2386.
11. Sliedrecht, T., Zhang, C., Shokat, K.M., and Kops, G.J. (2010). Chemical
genetic inhibition of Mps1 in stable human cell lines reveals novel
aspects of Mps1 function in mitosis. PLoS ONE 5, e10251.
12. Maciejowski, J., George, K.A., Terret, M.E., Zhang, C., Shokat, K.M., and
Jallepalli, P.V. (2010). Mps1 directs the assembly of Cdc20 inhibitory
complexes during interphase and mitosis to control M phase timing
and spindle checkpoint signaling. J. Cell Biol. 190, 89–100.
13. Lee, S., Thebault, P., Freschi, L., Beaufils, S., Blundell, T.L., Landry,
C.R., Bolanos-Garcia, V.M., and Elowe, S. (2011). Characterization of
the Spindle Checkpoint Kinase Mps1 Reveals a Domain with
Functional and Structural Similarities to the Tetratricopeptide Repeat
Motifs of the Bub1 and BubR1 Checkpoint Kinases. J Biol Chem. 287,
5988–6001.
14. Zhao, Y., and Chen, R.H. (2006). Mps1 phosphorylation by MAP kinase
is required for kinetochore localization of spindle-checkpoint proteins.
Curr. Biol. 16, 1764–1769.
Current Biology Vol 22 No 10
90615. Ito, D., Saito, Y., and Matsumoto, T. (2012). Centromere-tethered Mps1
pombe homolog (Mph1) kinase is a sufficient marker for recruitment of
the spindle checkpoint protein Bub1, but not Mad1. Proc. Natl. Acad.
Sci. USA 109, 209–214.
16. Jones, M.H., Huneycutt, B.J., Pearson, C.G., Zhang, C., Morgan, G.,
Shokat, K., Bloom, K., and Winey, M. (2005). Chemical genetics reveals
a role for Mps1 kinase in kinetochore attachment during mitosis. Curr.
Biol. 15, 160–165.
17. Roberts, B.T., Farr, K.A., and Hoyt, M.A. (1994). The Saccharomyces
cerevisiae checkpoint gene BUB1 encodes a novel protein kinase.
Mol. Cell. Biol. 14, 8282–8291.
18. Gillett, E.S., Espelin, C.W., and Sorger, P.K. (2004). Spindle checkpoint
proteins and chromosome-microtubule attachment in budding yeast.
J. Cell Biol. 164, 535–546.
19. Krenn, V., Wehenkel, A., Li, X., Santaguida, S., andMusacchio, A. (2012).
Structural analysis reveals features of the spindle checkpoint kinase
Bub1-kinetochore subunit Knl1 interaction. J. Cell Biol. 196, 451–467.
20. Taylor, S.S., Ha, E., and McKeon, F. (1998). The human homologue of
Bub3 is required for kinetochore localization of Bub1 and a Mad3/
Bub1-related protein kinase. J. Cell Biol. 142, 1–11.
21. Brady, D.M., and Hardwick, K.G. (2000). Complex formation between
Mad1p, Bub1p and Bub3p is crucial for spindle checkpoint function.
Curr. Biol. 10, 675–678.
22. Klebig, C., Korinth, D., and Meraldi, P. (2009). Bub1 regulates chromo-
some segregation in a kinetochore-independent manner. J. Cell Biol.
185, 841–858.
23. Windecker, H., Langegger, M., Heinrich, S., and Hauf, S. (2009).
Bub1 and Bub3 promote the conversion from monopolar to bipolar
chromosome attachment independently of shugoshin. EMBO Rep. 10,
1022–1028.
24. Rosenberg, J.S., Cross, F.R., and Funabiki, H. (2011). KNL1/Spc105
recruits PP1 to silence the spindle assembly checkpoint. Curr. Biol.
21, 942–947.
25. Welburn, J.P., Vleugel, M., Liu, D., Yates, J.R., 3rd, Lampson, M.A.,
Fukagawa, T., and Cheeseman, I.M. (2010). Aurora B phosphorylates
spatially distinct targets to differentially regulate the kinetochore-
microtubule interface. Mol. Cell 38, 383–392.
26. Liu, D., Vleugel, M., Backer, C.B., Hori, T., Fukagawa, T., Cheeseman,
I.M., and Lampson, M.A. (2010). Regulated targeting of protein phos-
phatase 1 to the outer kinetochore by KNL1 opposes Aurora B kinase.
J. Cell Biol. 188, 809–820.
27. Kerscher, O., Crotti, L.B., and Basrai, M.A. (2003). Recognizing chromo-
somes in trouble: association of the spindle checkpoint protein Bub3p
with altered kinetochores and a unique defective centromere. Mol.
Cell. Biol. 23, 6406–6418.
28. Kiyomitsu, T., Murakami, H., and Yanagida, M. (2011). Protein interac-
tion domain mapping of human kinetochore protein Blinkin reveals
a consensus motif for binding of spindle assembly checkpoint proteins
Bub1 and BubR1. Mol. Cell. Biol. 31, 998–1011.
29. Bolanos-Garcia, V.M., Kiyomitsu, T., D’Arcy, S., Chirgadze, D.Y.,
Grossmann, J.G., Matak-Vinkovic, D., Venkitaraman, A.R., Yanagida,
M., Robinson, C.V., and Blundell, T.L. (2009). The crystal structure of
the N-terminal region of BUB1 provides insight into the mechanism of
BUB1 recruitment to kinetochores. Structure 17, 105–116.
30. Nekrasov, V.S., Smith, M.A., Peak-Chew, S., and Kilmartin, J.V. (2003).
Interactions between centromere complexes in Saccharomyces cerevi-
siae. Mol. Biol. Cell 14, 4931–4946.
31. Cheeseman, I.M., Niessen, S., Anderson, S., Hyndman, F., Yates, J.R.,
3rd, Oegema, K., and Desai, A. (2004). A conserved protein network
controls assembly of the outer kinetochore and its ability to sustain
tension. Genes Dev. 18, 2255–2268.
32. Hardwick, K.G., Johnston, R.C., Smith, D.L., and Murray, A.W. (2000).
MAD3 encodes a novel component of the spindle checkpoint which
interacts with Bub3p, Cdc20p, and Mad2p. J. Cell Biol. 148, 871–882.
33. Kemmler, S., Stach, M., Knapp, M., Ortiz, J., Pfannstiel, J., Ruppert, T.,
and Lechner, J. (2009). Mimicking Ndc80 phosphorylation triggers
spindle assembly checkpoint signalling. EMBO J. 28, 1099–1110.
34. Kawashima, S.A., Yamagishi, Y., Honda, T., Ishiguro, K., andWatanabe,
Y. (2010). Phosphorylation of H2A by Bub1 prevents chromosomal
instability through localizing shugoshin. Science 327, 172–177.
35. Tang, Z., Shu, H., Oncel, D., Chen, S., and Yu, H. (2004). Phosphorylation
of Cdc20 by Bub1 provides a catalytic mechanism for APC/C inhibition
by the spindle checkpoint. Mol. Cell 16, 387–397.36. Shepperd, L.A., Meadows, J.C., Sochaj, A.M., Lancaster, T.C., Zou, J.,
Buttrick, G.J., Rappsilber, J., Hardwick, K., and Millar, J.B.A. (2012).
Phosphodependent recruitment of Bub1 and Bub3 to Spc7/KNL1 by
Mph1 kinase maintains the spindle checkpoint. Curr. Biol. 22, in press.
Published online April 19, 2012. 10.1016/j.cub.2012.03.051.
37. Pinsky, B.A., Nelson, C.R., and Biggins, S. (2009). Protein phosphatase
1 regulates exit from the spindle checkpoint in budding yeast. Curr. Biol.
19, 1182–1187.
38. Vanoosthuyse, V., and Hardwick, K.G. (2009). A novel protein phospha-
tase 1-dependent spindle checkpoint silencing mechanism. Curr. Biol.
19, 1176–1181.
39. Espeut, J., Cheerambathur, D.K., Krenning, L., Oegema, K., and Desai,
A. (2012). Microtubule binding by KNL-1 contributes to spindle check-
point silencing at the kinetochore. J. Cell Biol. 196, 469–482.
40. Rose, M.D., Winston, F., and Heiter, P. (1990). Methods in Yeast
Genetics (Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory
Press).
